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SUMMARY 
A coa t ing  composed o f  77 w t  % CaF2 - 23 w t  % L i F  fused on IN-750 
nickel-based a l l o y  was s tud ied  us ing  SEM, XRD, EDX, and o p t i c a l  microscopic 
methods. 
t reatment,  t he  coa t ing  a f t e r  u l t r a s o n i c  c lean ing  i n  water, and the  uncoated 
po l i shed and etched metal .  
w i t h  T i  and Nb r i c h  i nc lus ions  i n  the  a l l o y .  Numerous smal l  rec tangu lar  
c r y s t a l l i t e s  o f  Ca(T1,Nb) ox ide a re  formed beneath an over lay  o f  fused f l u o r i d e  
composition. These c r y s t a l l i t e s  a re  stubby and appear t o  be embedded i n  the  
metal  subs t ra te  surface. I t  i s  known from prev ious s tud ies  t h a t  t h i s  coat ing-  
a l l o y  system has good t r i b o l o g i c a l  p roper t i es  i n  extreme cond i t ions ,  such as 
l i q u i d  f l u o r i n e .  It has been concluded f rom the  present  study t h a t  t he  sho r t  
f i r m l y  embedded c r y s t a l l i t e  protuberances c o n t r i b u t e  t o  the  coa t ing  adherence 
and thereby t o  enhanced coa t ing  wear l i f e .  
The surfaces examined were t h e  as-fused coa t ing  w i t h  no subsequent 
It was found t h a t  t he  coa t ing  reac ts  du r ing  f u s i o n  
INTRODUCTION 
S o l i d  l u b r i c a t i o n  i n  extreme environments as cryogenic l i q u i d  f l b o r i n e  
and hydrogen on t he  one hand and h igh  temperature a i r  on the  o ther  r e q u i r e  
nonreact ive ma te r ia l s .  M a t e r i a l  combinations must be se lected t h a t  w i l l  be 
compat ib le w i t h  these very r e a c t i v e  environs du r ing  s l i d i n g  contac t  and w i l l  
a l s o  prov ide  the  low wear and f r i c t i o n  necessary. 
t o  4) f rom thermodynamic c a l c u l a t i o n s  t h a t  Ca and L i  f l u o r i d e s ,  among o ther  
f l u o r i d e s  o f  group I and I 1  elements, should be nonreac t ive  i n  oxygen, 
hydrogen, and sodium and they would be expected t o  be s t a b l e  i n  f l u o r i n e  
because they a re  f u l l y  f l u o r i n a t e d .  One such system tes ted  ( r e f s .  1 t o  4) was 
a fused composi t ion o f  CaF2 and L i F  app l ied  t o  a Ni-based supera l loy .  
coa t i ng  was composed o f  77 w t  % CaF2 and 23 w t  % L iF.  
good s l i d i n g  l u b r i c a t i o n  i n  l i q u i d  f l u o r i n e  ( r e f s .  1 t o  3 ) .  
I t  has been shown ( r e f s .  1 
This  
This  coat ing  prov ided 
Resul ts o f  a study o f  the above coat ing  i n  the  un- tes ted  c o n d i t i o n  us ing  
SEM, XRD, EDX, and o p t i c a l  microscopic means a re  repor ted  here in.  The use o f  
these t o o l s  prov ided a d e s c r i p t i o n  o f  t he  morphology and composi t ion o f  the  
coa t ing  phases r e s u l t i n g  f rom i t s  i n t e r a c t i o n  w i t h  the  metal  subs t ra te  and 
atmospheric components present  du r ing  prepara t ion .  
EXPERIMENTAL 
The coa t ing  was composed o f  77 w t  % CaF2 - 23 w t  % L iF  and was app l i ed  t o  
IN-750 a l l o y .  The coated specimens s tud ied  were prepared by a procedure pre-  
v i o u s l y  descr ibed i n  references 3 and 4. B r i e f l y ,  a water suspension o f  t he  
coa t ing  ma te r ia l s  was sprayed on the  sur face o f  t he  IN-750 preheated t o  60 O C .  
Th is  was then fused a t  900 O C  i n  a hydrogen atmosphere furnace f o r  15  min. 
The hydrogen contained 20 t o  30 ppm o f  water. 
0.0025 t o  0.005 cm (0.001 t o  0.002 in.) t h i c k .  
A f t e r  f u s i o n  the  coat ings were 
XRO, SEM, EOX, and o p t i c a l  microscopic s tud ies  were made of t he  as-fused, 
un-tested coa t ing  surface, the  coa t ing  sur face a f t e r  u l t r a s o n i c  c lean ing  i n  
water, and the  uncoated IN-750 a l l o y .  To minimize charg ing o f  t h e  as-fused 
coa t ing  sur face i n  the  SEM a t h i n  sput tered go ld  l a y e r  was app l ied .  
photographs a r e  secondary e l e c t r o n  images. 
A l l  SEM 
U l t rason ic  c lean ing  was accomplished by p l a c i n g  the  sample i n  a beaker of 
d i s t i l l e d  water a t  room temperature f o r  30 min. 
water so lub le  m a t e r i a l  and exposed areas o f  t h e  under ly ing  s t ruc tu res .  
m a t e r i a l  p r i m a r i l y  removed was L iF  which has an apprec iab le water s o l u b i l i t y  
This  process removed t h e  
The 
of 0.27 g/100 g o f  water a t  20 O C  compared t o  C a F i - w i t h  a s o l u b i l i t y .  o f  on ly  
0.0016. 
Examination o f  the  uncoated IN-750 a l l o y  was f a c i l i t a t e d  by sec t i on ing  a 
metal  d i s k  and mounting i n  epoxy then m e t a l l u r g i c a l l y  p o l i s h i n g  and e tch ing .  
IN-750 i s  a Ni-based a l l o y  and has a nominal composi t ion i n  weight  percent  
o f :  15Cr,  6.8Fe, 2.5T1, 0.9Nb, 0.8A1, 0.7Mn, 0.3Si, and the  balance i s  n i c k e l .  
RESULTS AN0 DISCUSSION 
A phase diagram o f  t he  CaFz-LiF b ina ry  coa t ing  system ( r e f .  5) i s  
presented 'in f i g u r e  1. This system forms a s imple b ina ry  e u t e c t i c .  The 
e u t e c t i c  temperature i s  769 O C .  
s o l i d ,  but ,  above t h e  e u t e c t i c  temperature a l i q u i d  phase i s  present  and 
changes i n  amount and composi t ion with r i s i n g  temperature. 
composi t ional  and phys i ca l  s t a t e  i n fo rma t ion  f o r  t he  b ina ry  system a t  e q u i l i b -  
rium. 
s lowly  enough t o  a t t a i n  near e q u i l i b r i u m  compositions. 
Below t h i s  temperature t h e  components a re  
The diagram gives 
I t  i s  est imated t h a t  the  ac tua l  f u s i o n  o f  t he  coa t ing  was c a r r i e d  out  
The i n i t i a l  composi t ion o f  the  unheated coa t ing  i s  composed o f  77 w t  % 
CaF2 - 23 % L iF  and i s  represented by the  v e r t i c a l  l i n e  i n  f i g u r e  1 a t  t h i s  
composition. The l i q u i d u s  temperature o f  t h i s  cornposition i s  1065 O C  and a t  
t h i s  temperature 100 percent  l i q u i d  i s  present .  
A b r i e f  d iscuss ion  o f  t he  heat ing  o f  t he  coa t ing  composi t ion w i l l  be made. 
Up t o  the  e u t e c t i c  temperature the  system i s  s o l i d .  
t u r e  the  system i s  composed o f  a 59 w t  % e u t e c t i c  l i q u i d  phase, which cons is t s  
o f  43 w t  % CaF2 and 57 w t  % LIF, i n  e q u i l i b r i u m  wi th  41 w t  % o f  s o l i d  CaF2. 
the  temperature o f  the  coa t ing  r i s e s ,  t h e  CaF2 conten t  increases i n  the  l i q u i d  
phase which i s  i n  e q u i l i b r i u m  w i t h  the  remaining s o l i d  CaF2. F i n a l l y  a t  the  
f u s i o n  temperature o f  900 O C  t he re  i s  71 w t  % o f  l i q u i d  phase composed o f  60 w t  X 
CaF2 and 40 w t  % LIF I n  e q u i l i b r i u m  w i t h  29 w t  % s o l i d  CaF2. On c o o l i n g  down 
a f t e r  f u s i o n  the  above processes a re  reversed because fused f l u o r i d e  s a l t  sys- 
tems c r y s t a l l i z e  r a p i d l y  compared t o  the  slow c o o l i n g  r a t e  o f  t he  comparat ive ly  
massive a l l o y  t e s t  specimen subst rate.  
A t  t he  e u t e c t i c  tempera- 
As 
2 
The f i r i n g  o r  f u s i o n  temperatyre o f  900 "C was i n t e n t i o n a l y  chosen t o  be 
The presence o f  s o l i d  CaF2 d ispersed throughout the  
above the  m e l t i n g  p o i n t  o f  t h e  e u t e c t i c  b u t  below t h e  l i q u i d u s  temperature f o r  
the  coat ing  composition. 
l i q u i d  phase reduces the  spreading r a t e  of t h e  me l t  and thereby enables even 
v e r t i c a l  surfaces t o  be covered w i t h  coa t ing  a t  l e a s t  0.003 cm t h i c k .  
F igure  2 i s  a SEM image o f  t he  fused coa t ing  surface. This i s  the  sur face  
which has been repor ted  t o  p rov ide  good f r i c t i o n  and wear ( r e f s .  1 t o  3) i n  
l i q u i d  f l u o r i n e .  
i n d i c a t i v e  o f  l i m i t e d  w e t t i n g  o f  t he  subs t ra te  which may be the  r e s u l t  o f  
incomplete s o l u t i o n  o f  CaF2. 
s i t e s  f o r  c r y s t a l l i z a t i o n  o f  the  molten phase du r ing  r e s o l i d i f i c a t i o n  and 
a l though molten f l u o r i d e s  r e a d i l y  wet n i c k e l  a l l o y  surfaces, p r e f e r e n t i a l  
w e t t i n g  o f  t he  CaF2 n u c l e i  I s  t o  be expected. 
CaF2 and LIF as the  major components w i t h  some smal ler  amount o f  LiNiO2. 
I t i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  valence o f  t he  N i  i n  t he  l i t h i u m  n i c k e l  
ox ide compound i s  t3, t h i s  requ i res  l o c a l l y  oxidizing cond i t ions  f o r  i t s  forma- 
t i o n .  The l a t t e r  compound was probably formed du r ing  f u s i o n  by r e a c t i o n  o f  the  
n i c k e l  i n  the  a l l o y  w i th  t races  o f  water vapor i n  the  hydrogen f u s i o n  atmo- 
sphere and mol ten L iF.  The face centered cubic  s t r u c t u r e  o f  the  subs t ra te  
a l l o y  was a l s o  detected. Detec t ion  o f  the  a l l o y  f u r t h e r  i nd i ca tes  t h a t  t he  
coa t ing  between g lobules i s  t o o  t h i n  t o  completely absorb t h e  x- rays.  Spot EDX 
ana lys i s  o f  t he  dark p i t  areas between the  g lobules revealed h igh  a l l o y  element 
concentrat ions and very low t o  no Ca. S i m i l a r  ana lys i s  o f  the  g lobu la r  fea- 
tu res  showed very h igh  Ca concentrat ions and no a l l o y  elements and the smal l  
rec tangu la r l y  shaped gra ins  loca ted  on the  sur face o f  the  g lobules were very 
h igh  i n  N I  which i nd i ca tes  they a re  the  L iN i02  phase detected i n  the  XRD 
ana lys is .  
I t  i s  a very g lobu la r  s t r u c t u r e .  This  type  o f  s t r u c t u r e  i s  
The s o l i d  CaF2 p a r t i c l e s  a re  l o g i c a l  nuc lea t i on  
XRD o f  t h i s  sur face revealed 
Based on the  f a c t  t h a t  LIF has a moderately h igh  s o l u b i l i t y  i n  water i t  
was decided t o  u l t r a s o n i c a l l y  t r e a t  the  coa t ing  i n  water t o  remove a t  l e a s t  
some o f  the  fused f l u o r i d e  and then examine t h e  r e s u l t i n g  surface. This  
revealed an i n t e r e s t i n g  under -s t ruc tu re  n o t  v i s i b l e  be fore  the  u l t r a s o n i c  
t reatment.  F igure  3 i s  an SEM image o f  t h i s  surface. Many smal l  square t o  
rec tangu lar  shaped c r y s t a l l i t e s  w i t h  f l a t  o r  hipped roo fs  a r e  p l a i n l y  v i s i b l e  
on the  surface. These fea tures  appear t o  be p ro t rud ing .  Spot EDX ana lys i s  
shows these fea tures  t o  have a h igh  concent ra t ion  o f  Ca, T i ,  Nb, and oxygen 
and no de tec tab le  f l u o r i n e  o r  carbon. Analys is  o f  spot B which i s  an area 
between the  c r y s t a l l i t e s  was r i c h  i n  a l l o y  elements and bo th  Ca and F were no t  
detected. 
c r y s t a l l i t e s  a re  6.3 pm i n  he igh t  which i s  smal l  compared t o  the  o v e r a l l  
coa t i ng  th ickness o f  25 t o  50 pm. These c r y s t a l l i t e s  a re  6 by 6 pm i n  s i z e  
and have a popu la t ion  o f  57 000/cm2. 
2 percent  area coverage o f  the  surface. The conclus ion i s  t he  c r y s t a l l i t e s  
a re  a water i n s o l u b l e  Ca(Ti,Nb) oxide. XRD ana lys i s  o f  t he  washed sur face 
detected Ca3TizO7, CaF2, severa l  u n i d e n t i f i e d  l i n e s  and the  subs t ra te  a l l o y .  
This i n fo rma t ion  conf i rms the  presence o f  ca lc ium t i t a n a t e  c r y s t a l l i t e s .  The 
u n i d e n t i f i e d  l i n e s  may be due t o  phases as Cax(Ti,Nb)yOz. 
I t appears t h a t  t h e  c r y s t a l l i t e s  a r e  h igher  i n  T i  and Nb content  than 
would be expected f rom the  o v e r a l l  a l l o y  content  o f  2.5 T i  and 0.9 Nb. 
d i f f i c u l t  t o  conceive a r e a c t i o n  mechanism f o r  the  fo rmat ion  o f  these 
c r y s t a l l i t e s .  Two mechanisms suggested themselves. The f i r s t  invo lves  the 
p r e f e r e n t i a l  s o l u t i o n  o f  T i  and Nb from the  un i fo rm ly  d i s t r i b u t e d  a l l o y  
I t  was est imated f r o m  l i g h t  microscopy t h a t  on the  average t h e  
These c r y s t a l l i t e s  represent  an average 
I t was 
3 
elements by the fused fluoride followed by nucleation and crystal growth on 
cooling. The other and possibly more plausable, is reaction of the fused 
fluoride with areas richer in Ti and Nb than the alloy in general such as 
intermetallic or carbide inclusions formed in the alloy during precipitation 
hardening. 
of high Ti and Nb concentration existed. A piece of the coated alloy was 
sectioned so as to expose an uncoated surface. This was polished and etched 
to bring out the alloy microstructure. Figure 4 shows an SEM image of the 
uncoated, polished, and etched IN-750 alloy. It was found that many inclusions 
were present in the alloy mostly along grain boundaries. 
are also presented in figure 4. 
reveals they are especially rich in Ti and Nb compared to the alloy grain at 
spot D.  An EDX line scan for Ti, Nb, Cr, Fe, and Ni across one of the larger 
inclusions is presented in figure 5. 
of Ti and Nb across this inclusion is not uniform, Nb is more concentrated at 
the edges of the inclusion with Ti highest in the center and very low amounts 
of Fe, Cr, and Ni. 
This dictated a study of the uncoated alloy to determine if areas. 
Spot EDX analysis 
Study of the data from inclusions A ,  B, and C 
These results show that the distribution 
The observation that the Ti and Nb are more concentrated in small inclu- 
sions lead to the conclusion that the Ca(Ti,Nb) oxide crystallites are formed 
at the metal surface by reaction with the CaF2 and an oxygen source. 
oxygen source is mainly the water vapor in the hydrogen fusion atmosphere and 
some smaller amount from oxides on the metal surface. The liquid phase formed 
during fusion acts to transport the water vapor to the alloy surface. 
The 
The following schematic reaction is proposed: 
H2° 
CaF2 + Ti - N b  (in the metal inclusions)-Ca(Ti,Nb) oxide + HF 
It is estimated that the inclusion population in the metal is 295 000/cm2. 
The inclusions range in size from as large as 10 pm in diameter down to less 
than 1 pm in size. Only 57 000 crystallites are formed per square centimeter 
this suggests that not all inclusions react or that each crystallite is made 
up of several inclusions. If the latter is true then each crystallite would 
contain on the average 5 inclusions (295 000 inclusions/cm2 divided by 57 000 
crystallites formed per square centimeter). 
Consumption of the CaF2 with the loss of fluorine in the formation of 
the crystallites decreases the CaF2 content of the fused, globular fluoride 
over-coat to a slight extent. Therefore, the final fluoride overlay coating 
is not the same as that originally applied but should be richer in LiF. How- 
ever, some LIF was consumed in the formation of the LiNi02 phase during 
f usion. 
Figure 6 I s  a schematic diagram summarizing the morphology and composi- 
tional information for the fused fluoride coating. 
both the cross section and top surface are shown. It is clear that the overall 
structure is one of short stubby crystallites growing from the alloy surface 
and covered by a fused fluoride coating. 
A stylized presentation of 
4 
CONCLUSIONS 
A summary of the major conclusions are: 
1. The 77 wt 94 CaF2 - 23 LIF coating components react with Ti and Nb rich 
inclusions in the alloy during the fusion In a hydrogen-water vapor atmosphere 
to form many short Ca(Ti,Nb) oxide crystals embedded in the surface of the 
alloy. These crystallites are on the average 6.3 pm in height and covered 
about 2 percent of the surface area. 
2. A fused CaF2-LiF overcoating of 25 to 50 pm thickness is present 
This coating structure has proven to possess desirable friction and wear 
which contains LiNI02 crystallites. 
characteristics, therefore, a simple tribological scenario to explain this will 
be constructed. In sliding contact it is easy to imagine that the stubby 
crystallites may contribute to increased adhesion and load bearing capabilities 
o f  the fused fluoride coating. This premise is based on the fact that the 
crystallites are so thin and short and appear to be firmly embedded in the 
metal that even with only moderate strength the could carry a moderate sliding 
load without fracture. 
10 to 20 000 psi (69 to 138 MPa) for sintered material 75 to 91 percent dense 
(ref. 6). The well formed crystallites i n  this coating could have much higher 
strength. 
easily scraped from the surface by providing dams to such action, in effect 
pinning the globular fluoride to the surface. The penned up fluor'tdes then 
could provide a continuous solid lubricant to the rubbing top surfaces of the 
crystallites. Local frictional heating of the fluoride could produce some 
liquid phase lubrication. 
The compressive strength of CaTi03 is reported to be 
Also these protuberances could prevent the fluoride from being 
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